Abstract Atypical femoral fractures are uncommon fractures that are often associated with extended bisphosphonate use. They occur in the proximal or middle diaphyseal portion of the femur with a short oblique pattern and have relatively thickened cortices. Prodromal pain symptoms vary and bilateral involvement is common. Because delayed or complicated healing adversely affects treatment, fixation with a loadsharing intramedullary nail seems to fair better than loadbearing plate stabilization. If a delayed union is noted, it is best to wait up to one year before surgical intervention. Optimization of the patient's metabolism is also required.
Introduction
Atypical femoral fractures (AFF) are described as diaphyseal femoral fractures with short oblique pattern and thickened cortices. Other pseudonyms are "bisphosphonate femoral fractures" and "stress femoral fractures." Several case reports and case series have reported associations between these AFF and bisphosphonate (BP) usage-especially after more than five years of treatment [1•] . The etiology appears to be multifactorial. Successful orthopaedic treatment requires meticulous operative intervention, usually with intramedullary nails (IMN), optimization of the patient's metabolism, appropriate pharmacological intervention, and patience until osseous union [2•]. A review of atypical femoral fractures characteristics, epidemiology, and treatment will be discussed.
Characteristics

Major and Minor Features
In 2010, a multidisciplinary team created a task force from the American Society for Bone and Mineral Research (BMR) and published a report on atypical femoral fractures [3•]. Major and minor features of complete and incomplete fractures were defined. Specifically excluded are fractures of the femoral neck, intertrochanteric fractures with spiral extension, pathological fractures associated with primary or metastatic bone tumors, and periprosthetic fractures. Major features consist of either a subtrochanteric or diaphyseal location, a transverse or short oblique pattern, minimal or no associated trauma mechanism, the presence of a medial spike when the fracture is complete, and the absence of comminution. Minor features include cortical thickening, lateral cortex periosteal reaction (beaking or flaring), prodromal pain, bilaterality, delayed healing, comorbid conditions (such as vitamin D deficiency, rheumatoid arthritis, and hypophosphatasia), and concomitant drug exposures including BP, other antiresorptive agents, glucocorticoids, and proton pump inhibitors. All of the major features are required to be diagnosed as an atypical femoral fracture. Although sometimes associated with these fractures, none of the minor features are required for diagnosis. Prolonged BP usage impedes bone remodeling via osteoclast inhibition. This leads to summation of microdamage, unrepaired osseous flaws, and the ensuing weakened osseous strength can result in cortical thickening [4] [5] [6] [7] [8] [9] . Despite being a minor feature, bisphosphonate usage greater than five years has not associated with cortical thickening, another minor feature [10] . major and minor features [11] . Patients with major features of AFF have a constant incidence of about 6/100,000 persons, while patients with major and minor features of AFF increase with time [11] . Therefore, two different patient populations may be present with differing characteristics but with similar AFF patterns. Further analysis of the etiology, patients, patterns, and potential treatment outcomes are needed and will be beneficial.
Epidemiology
Incidence
In the elderly osteoporotic population, subtrochanteric and diaphyseal femoral fractures represent 3 % and 5 %, respectively, of the total femoral fractures [12, 13] . Atypical femoral fractures are much less common, but actual numbers are unknown. In a recent analysis from a single patient registry of nearly 2 million patients over the age of 45 with a femoral fracture, only 142 patients, or 1.78/100,000/year, had characteristic signs of an atypical femoral fracture [14•]. In the United States, the incidence of proximal diaphyseal fractures is twenty to 30 per 100,000 patient-years [13, 15•]. The incidence rises in correlation with increasing BP usage [14•]. The ASBMR task force reported an incidence of two per 100,000 cases per year compared to 78 per 100,000 cases per year, with two versus eight years of BP usage, respectively [3•]. In contradistinction to the increasing incidence, another analysis demonstrated an incidence of six per 100,000 personyears with no correlation with increased BP exposure [11] . In summary, the incidence is rare but many maybe underdiagnosed because of misdiagnosis, incomplete fracture characteristics, and misclassification [3•, 16•, 17].
Associations
Atypical femoral fractures are associated with Asian descent, bilateral fractures, prodromal pain, glucocorticoid and proton-pump inhibitor usage, rheumatoid arthritis, diabetes mellitus, vitamin D3 deficiencies, and delayed fracture healing [3•, [18] [19] [20] . BP usage has been the most commonly associated culprit for atypical femoral fractures [21] . With an increased odds ratio of three to 140, BP has increased the risk of an AFF [3•, 11, 18, 19, 22-24] . In a registry of 2 million patients, 128 of the 142 patients with an AFF had BP exposure [14•]. A further increased risk of an AFF with BP usage greater than five years has been implicated [16•, 22, 25] . However, based upon experimental evidence and scientific design, the ASBMR task force has not completely confirmed this link [3•]. Furthermore, AFF have been diagnosed in patients with no prior BP exposure [26, 27] .
Pathogenesis
Microdamage accumulation with impaired stress fracture healing, reduced heterogeneity of organic matrix and mineral properties, and increased glycation end products have been implicated as possible pathological mechanisms for AFF initiation. BP causes osteoclast inactivation and apoptosis. Without normally functioning osteoclastic remodeling, microdamage accumulation occurs [17, 28] . Impairment of stress fracture healing with BP usage has also been studied [29, 30] . In response to stress and strain, normal bone remodeling creates constant changes and heterogeneity in the bone matrix and mineral density, resulting in reduced stress-strain concentration, while abnormal homogeneity increases the risk of crack initiation and proliferation [31] [32] [33] . Glycation end products are increased with BP usage and are associated with inferior biomechanical properties and enhanced fracture risk [34] . To date, most studies evaluating the pathogenesis of AFF are in animals. More human studies are required to determine the pathogenesis and potential cures of AFF initiation.
Treatment
Operative Intervention
Since only case reports and small series of atypical fractures have been reported, large controlled studies evaluating vitamin D, calcium, and bone turnover markers have not been evaluated. Furthermore, a paucity of studies specifically evaluating anabolic agents is noted [35, 36] . Therefore, because successful nonoperative rates are extremely low [37, 38•] , early operative intervention before the fracture completion or immediately after presenting with an acute fracture is best [38•] . Early intervention reduces length of stay, hospitalization costs, pain, and disability (Fig. 1) . The three operative treatment options are intramedullary nailing (IMN), open reduction internal fixation (ORIF), and arthroplasty. To date, no randomized controlled trials exist that compare IMN to ORIF.
Total Joint Arthroplasty
The use of total joint arthroplasty as intervention for atypical femoral fractures has not been reported. Replacing the fracture with an immediate weight bearing implant that is not reliant on fracture healing sounds encouraging in this population, but is it? For very proximal diaphyseal or subtrochanteric fractures, short segment fixation, delayed healing, and the need for weight bearing in this elderly deconditioned population are problematic. This technique will still require bony fixation of the greater trochanter or abductors. Dysfunctional abductors or trochanteric nonunion may result in worse outcomes than primary fracture repair, including pain, limping, and gait disturbances [39] [40] [41] . Arthroplasty may be a good option for management of failures fixation and femoral head screws cut out/violation [42, 43] .
Open Reduction and Internal Fixation
Open reduction and internal fixation requires direct or indirect fracture reduction, fracture site compression, and plate application. Because these are diaphyseal fractures, reduction with compression, anatomic alignment, and balanced fixation is paramount. Hybrid fixation consisting of standard cortical screw fixation for compression of the fracture site and of the plate to the bone, locked screw supplementation for improved fixation in short segments and osteoporotic bone, with stout dynamic compression plates are beneficial.
Restoration of anatomic alignment is important but difficult: atypical femoral fractures fixed in varus with compression along the medial cortex and distraction/tension along the lateral cortex are likely to fail catastrophically. When the fracture is realigned and compressed, a mismatch occurs Fig. 1 A 67-year-old female presented with 6 months of prodromal right thigh pain not associated with trauma and unrelieved with partial weight bearing and crutches. She was not discontinued from her 7-year history of BP usage. Radiographs of the right femur demonstrate lateral cortical transverse incomplete fracture line (solid arrow) with associated periosteal callus formation (a, b). She had BP stopped, vitamin D3 doubled because of low levels, and initiation of teriparatide (T score of −2.8). The treatment was intramedullary nailing with a nail of small radius of curvature, far distal insertion, and cephalomedullary screws to protect the femoral neck. At 3 months postoperatively, she had complete resolution of pain and radiographs demonstrating complete resolution of her fracture line (c, d) with distraction or gapping along the medial cortex. Reduction the fracture "anatomically" at the fracture site results in overall varus alignment. This is undesirable and is associated with increased failure rates. Gapping can be corrected with creating a small osteotomy along the lateral cortex to remove the pathologic cortical bone and create a symmetrical fracture reduction with associated restoration of mechanical alignment. Plate fixation results in a "load bearing", laterally based implant. Early weight bearing required by many elderly, deconditioned patients can disrupt the stability of the construct and ultimately result in early fixation failure even in the best of circumstances. Placement of an intramedullary fibular strut allograft that bypasses the fracture may be a suitable alternative with ORIF, creating a load bearing construct, and enhancing screw purchase and fixation [2•]. Since most plates do not protect or span the entire femur, a stress reaction and potential for fracture at the tip of the implant is possible. Fractures repaired with direct compressive reduction heal via osteoclast-dependent cutting cones and not enchondral bone formation. Healing rates and outcomes for atypical femoral fractures treated with ORIF is not known. More studies are required.
Intramedullary Nailing
Intramedullary nailing (IMN) requires either direct or indirect fracture reduction, relative stability that promotes callus formation, and intramedullary implant insertion. Indirect fracture reduction avoids fracture hematoma formation, disruption of the soft tissue envelope and the periosteum of the fractured femur, and potentially benefits fracture healing. Callus formation and maturation are less reliant on osteoclasts, which may be dysfunctional or dormant in the setting of atypical fractures. The IMN is a "load sharing", centrally based implant when used in diaphyseal fractures. Immediate weight bearing is safe and encouraged. Furthermore, the intramedullary implant can span the entire femur with a large cephalomedullary screw proximally in the femoral head and a smaller interlocking screw at the distal aspect of the femur. Starting the nail just anterior to the universal start site will confirm an anatomic or slightly valgus reduction with optimal screw insertion trajectory into the head [44] . An attempt to insert the nail as far distal into the metaphyseal bone just proximal to articular surface should be desired. Therefore, the entire femur is truly protected with the implant and stress reaction at the tip of the implant will be avoided [45] [46] [47] . In my opinion, an interlocking screw distally should be inserted to avoid rotational and axial instability. In addition, the screw may avoid "windshield wiper" translation in the distal osteoporotic, voluminous, metaphyseal bone. Problems with distal nail insertion are related to the radius of curvature mismatch. Most femoral nails have a larger-than-anatomic radius of curvature, which is tolerated in younger, straighter femora and enhances intramedullary insertion. However, the mismatch may result in anterior distal femoral cortical penetration and fracture at the tip of the implant. Utilizing a modern nail with more anatomic features, decreased radius of curvature, and utilizing techniques such as leaving the guide pin in until the nail is fully inserted and guiding the nail with blocking screws will facilitate central metaphyseal nail insertion (Fig. 2) . Anterior nail abutment without cortical penetration is still not desirable since the anterior position can stress the cortical bone and positions the distal interlocking screw in a precarious anterior position. This anterior position of the screw may predispose the femur to periprosthetic distal fractures. Nails are typically sized based upon the "cortical chatter" of the reamers for a good snug intramedullary fit of the IMN within the canal. Since the bone of these patients is osteoporotic, cortical chatter or resistance may be absent, removing a useful reference for the surgeon, and possibly resulting in technical complications. Using fluoroscopic visualization and surgeon experience will result in an optimal match between the medullary canal and implant. Since bisphosphonates are associated with atypical femoral fractures, impede osseous remodeling via osteoclast inhibition and apoptosis, and can potentially soften the healing callus, it has been suggested that bisphosphonates should be stopped temporarily or permanently. Stopping bisphosphonates will allow one to assess the medical situation, enhance the metabolic environment, and correct any abnormalities. Once the fracture is treated operatively, medical therapy can resume. A paucity of literature exists for bisphosphonates' effect on fracture healing. In animal studies, the fracture callus is larger, has larger trabecular bone volume and increased mineral content, but has delayed hard callus remodeling during enchondral fracture repair [48] [49] [50] [51] . In another animal study, delayed spinal fusion union was demonstrated in animals taking bisphosphonates [52] . In contradistinction to these theories, an in vitro human trabecular bone cell culture demonstrated that bisphosphonates induced osteoblastic proliferation and maturation. Furthermore, bisphosphonates upregulated bone morphogenetic protein (BMP) 2, type 1 collagen, and osteocalcin [53] . With ORIF, plate fixation results in absolute stability and cutting cone primary bone healing. This process is dependent on osteoclast functioning on the leading edge of this healing. In a human study, a prospective randomized trial of early (2 weeks) versus late (3 months) bisphosphonate treatment was examined in osteoporotic women with unstable distal radius fractures treated with volar locked plates [54] . No difference in time to union (6.7 versus 6.8 weeks) or clinical outcome was demonstrated. The study pitfalls include the fact that metaphyseal fractures uniformly heal at six weeks, this location is dependent on callus and not cutting cone healing, and there is no mention of vitamin D and calcium levels. Since atypical femoral fractures occur in the diaphyseal instead of the metaphyseal location and usually demonstrate retarded callus formation, more information will be required before definitive recommendations can be made.
Bisphosphonates have different binding affinity and antiresorptive effectiveness properties [55] . Based upon these parameters, stopping or providing a drug "holiday" comes under strong consideration with these fractures. BP usage for more than five years has an increased risk of AFF of 2.74 [22] . Discontinuing therapy will potentially reverse bone-remodeling suppression and inhibition of callus remodeling, and potentiate fracture healing. The length of this holiday is based upon drug kinetics, bone turnover, and secondary fracture risk. If BP is discontinued after the initial AFF presentation, the risk of suffering a contralateral AFF was halved [56] . Denosumab or Teriparatide should be considered as alternative therapies in osteoporotic patients when bisphosphonates are discontinued [35, 36, 57] .
Enhancement of Anabolic Metabolism
It is paramount to provide an environment that encourages appropriate and optimal healing. A balanced diet for patients with normal intestinal absorption and a supplemental diet for abnormally absorbing individuals is encouraged. Because fracture healing creates a transient catabolic setting, supplements for all patients are an option. Appropriate calcium, vitamin D, and vitamin C intake and/or supplementation are crucial. Minimum Fig. 3 A 62-year-old female presented after a low energy fall resulting in a left atypical femoral fracture treated with a cephalomedullary nail. She had an 11-year history of BP usage and a T score of −3.4. She was started on teriparatide. Two weeks postoperatively, she complained of right knee pain with normal knee radiographs, which did not image her entire femur (a). A MRI demonstrated a degenerative medial meniscal tear (b). Her arthroscopic medial meniscal debridement did not relieve her pain (c). Four weeks later, she presented with a right atypical femoral fracture (d, e), which was treated with a reconstruction nail (f, g, h) spanning her entire femur and femoral neck. Her displaced fracture, knee MRI, and knee arthroscopy could have been eliminated with complete femoral imaging initially daily calcium requirements are 1000-1200 mg/day total administered optimally in divided doses [58] [59] [60] . The minimum daily Vitamin D3 intake is controversial but should be 1000-2000 IU/day (75). Based upon initial vitamin D 1, 25 OH levels, at the onset vitamin D administration should be Vitamin D2 (ergocalciferal) for enhanced absorption and quicker normalization of vitamin D levels. Once the vitamin D levels become stabilized, changing over to vitamin D3 (cholecalciferal) is beneficial. Individual fracture risk assessment based upon FRAX scores can be estimated (92). Bone turnover markers such as CTX, NTX, and P1NP can estimate bone activity. A combination approach of FRAX with bone markers can help determine the need for initiation of denosumab or teriparatide treatment. The net anabolic effects of teriparatide should be considered for all high-risk patients especially with abnormal bone turnover markers and high FRAX scores.
Assessment of the Contralateral Femur
Bilateral AFF involvement is common, with estimates ranging from 28-44 % [3•, 61]. Any hip, groin, or thigh pain should be imaged with entire femoral length radiographs instead of limited hip images only (Fig. 3) . If images are inconclusive or negative, more sensitive technology such as bone scan or MRI should be performed. Serial radiographic images in conjunction with or separate from the treated AFF should also be considered. Prophylactic contralateral femoral IMN is an option but controversial especially if asymptomatic clinically and radiographically [62, 63•, 64, 65] .
Conclusion
Atypical femoral fractures are associated with long-term bisphosphonate treatment for osteoporosis, but do not have a casual relationship. Osteoporosis-related hip fractures are several times more common than atypical femoral fractures. A diagnostic evaluation of hip pain in an older patient with a history of osteoporosis and bisphosphonate usage should probably include a femoral diaphyseal image. Treatment of atypical femoral fractures with an intramedullary nail and metabolic optimization should be desired. A case definition was developed so that subsequent studies report on the same condition. The task force defined major and minor features of complete and incomplete atypical femoral fractures and recommends that all major features, including their location in the subtrochanteric region and femoral shaft, transverse or short oblique orientation, minimal or no associated trauma, a medial spike when the fracture is complete, and absence of comminution, be present to designate a femoral fracture as atypical. Minor features include their association with cortical thickening, a periosteal reaction of the lateral cortex, prodromal pain, bilaterality, delayed healing, comorbid conditions, and concomitant drug exposures, including BPs, other antiresorptive agents, glucocorticoids, and proton pump inhibitors. There was no significant correlation between duration of use (5.5 +/-3.4 years) and age (69.3 +/-8.6 years) or bone density (T-score 2.1 +/-1.0). There were 188,814 patients who had used bisphosphonates. The age-adjusted incidence rates for an atypical fracture were 1.78/ 100,000/year (95% confidence interval [CI], 1.5-2.0) with exposure from 0.1 to 1.9 years, and increased to 113.1/100,000/year (95% CI, 69.3-156.8) with exposure from 8 to 9.9 years. We conclude that the incidence of atypical fractures of the femur increases with longer duration of bisphosphonate use. The rate is much lower than the expected rate of devastating hip fractures in elderly osteoporotic patients. Patients at risk for osteoporotic fractures should not be discouraged from initiating bisphosphonates, because clinical trials have documented that these medicines can substantially reduce the incidence of typical hip fractures. The increased risk of atypical fractures should be taken into consideration when continuing bisphosphonates beyond 5 years. 15.
• Nieves JW, Bilezikian JP, Lane JM, et al. Fragility fractures of the hip and femur: incidence and patient characteristics. Osteoporos Int. 21(3):399-408. In females, the overall hospital discharge rates of hip fracture decreased from about 600/100,00 to 400/100,000 person-years from 1996 to 2006. Subtrochanteric, femoral shaft, and lower femur rates remained stable, each approximately 20 per 100,000 person-years. Similar trends but lower rates existed in males. No significant trends were found in any of these fractures during the more recent years of 2002-2006. The overall incidence of hip fracture was < 300/100,000 person-years; incidence of subtrochanteric and femoral shaft fractures combined was < 25/ 100,000 person years and distal femur fracture incidence was < 18/100,000 person-years in females; rates were lower in males. 
